The low pressure is measured by using thin Sculptured diaphragm using micro system fabrication technology. The thickness of this diaphragm is reduced to improve sensitivity is achieved by boss like structure to increase the stiffness and reduce nonlinear deflection. This paper brings out the optimum design for single boss sculptured diaphragm. The burst pressure thickness is used to achieve the maximum possible sensitivity. The maximum stress regions identified for the proper placement of four polysilicon piezoresistors which are wired in the form of wheat stone bridge arrangement to estimate the electrical output. The results are obtained using Intellisuite MEMS CAD design tool. Mathematical modelling of single boss sculptured diaphragm results were compared with simulated results. Further the enhancement of sensitivity is analyzed using nonuniform thickness diaphragm and SOI technique. In this paper the low pressure analyzed in the range of (0-1000Pa). The simulation results indicate that the single boss square sculptured diaphragm with 0.9μm yields the higher voltage sensitivity, acceptable linearity with Small Scale Deflection.
INTRODUCTION
The acronym MEMS stands for micro electro mechanical systems and was coined in the United States in the late 1980s using micro systems technology. Today there are many companies working in the field of MEMS. MEMS based microsensors evident in everyday life continues to increase. This is due to advancement made in the development of Integrated Circuit (IC) fabrication process. This fabrication process reduced the size of sensor in addition it has added functionality and also the possibility of producing arrays of individual sensor elements on the same chip. Another feature that has influenced the popularity trend of microsensors is that many are based on silicon (Si) as it has excellent electrical and mechanical properties [7] . MEMS based micro devices find extensive application in different fields. Among all micro devices, MEMS pressure sensors are most popular both in industrial and commercial applications. In these devices, the diaphragm design is the major key part and it should be designed in such a way that it has high sensitivity with minimum thickness, acceptable linearity, physically realizable and does not break at the maximum pressure [17] . The piezoresistive type transduction mechanism, is used because it enables a linear operation over wide range of pressure and simple to fabricate [19] . Low pressure sensing is possible only by thin diaphragms which lead to nonlinear deflection (balloon effect). This is reduced by using rigids or boss to increase the stiffness to limit the maximum deflection of the diaphragm [3] and resulting stress concentrated in relatively localized thin area [4] .
The present authors have also focused their research on performance of sculptured diaphragm for low pressure application [22, 23] . In this paper, to enhance the sensitivity of sculptured diaphragm for low pressure application, a single boss with square and rectangular shape is analyzed with minimum thickness by burst pressure analysis [23] . The analytical modelling is obtained to validate the simulation results. Also, maximum stress concentration region is identified to place polysilicon piezoresistor [9] for improved voltage sensitivity with different placement pattern. In addition, the voltage sensitivity of this single boss sculptured diaphragm is enhanced by using nonuniform thickness and SOI technique is analyzed and compared with uniform thickness diaphragm.
MATERIALS AND METHODS
Typical single boss sculptured diaphragms is schematically shown in Fig.1 . The structure shown in Fig.1 are planar silicon diaphragm formed by bulk micromachining [10] . Single crystal silicon chosen because of its excellent mechanical and electrical properties and it is free of hysteresis and creep [14] . The polysilicon with suitable properties [12] , [13] , [15] , [16] has been considered in this study to realize the piezoresistors using surface micromachining on the top of the diaphragm.
The sculptured diaphragm structures are simulated with the following material properties: Fracture strength: 7 GPa; Hardness: 850 Kg/mm 2 ; Young's Modulus (E): 170 GPa; Melting point: 1410°C; Gauge factor: 100 to 200; poisson's ratio (ν): 0.3. The dimensions for square and rectangular diaphragm considered [23] in this work are shown in Table. 
MATHEMATICAL MODELLING
The diaphragm is designed with single rigid or support at the bottom in the center. The dimension of the diaphragm is (Lµm × Wµm × h µm) 500µm × 500µm × 1µm where L is the length; W is the width and h is the thickness of the diaphragm respectively. The structure is created by bulk micromachining [10] with single crystal silicon by czochrolski process. The square and rectangular shapes are considered in this analysis because of the ease of fabrication by anisotropic wet chemical etching of silicon [18] wafers of <100> orientation [5, 6] and larger sensitivity than circular diaphragms [11] . It is also easier to align the resistors parallel and perpendicular to the edges of the diaphragm which are in the <110> direction, thus ensuring that the piezoresistive coefficients πl and πt are maximum along this direction.
The pressure-deflection model of a flat square diaphragm is given as,
where, P is the applied pressure in Pa, y is the center deflection of the diaphragm in µm, a = L/2 is the half side length of the diaphragm in µm, E is the young's modulus in GPa, h is the thickness of the diaphragm in µm and ν is the poisson's ratio of the diaphragm material. The first term in the RHS of Eq.(1) represents the Small Scale Deflection (SSD) that is very small compared with the diaphragm thickness (deflection is less than 40% of the diaphragm thickness), whereas the second term of Eq.(1) gives Large Scale Deflection (LSD), in which deflection is 40% larger than the diaphragm thickness [11] .
To achieve Small Scale Deflection, the assumptions of thin plate deflection theory [2] considered are,  The maximum membrane deflection is less than 40% of the membrane thickness.  Membrane thickness doesnot exceed 10% of the diaphragm length.  There is no initial stress in the membrane. The deflection y in the linear region of operation with respect to thickness h is expressed as follows for a square diaphragm,   constant a is 2 2 4 1 and
where, p is pressure applied, L is length of the diaphragm, h is thickness of the diaphragm, E is young's modulus and α = 0.0138 for L/W = 1 (square). However, it cannot be used for characterizing the load deflection model of single sculptured diaphragms. Hence, it becomes necessary to develop a new model to describe the load deflection response of these sculptured diaphragms [21] . The Eq.(2) is suitably modified to describe the equations for sculptured diaphragms. When the diaphragm is added with supports in the center, two important changes happen. First the active force loading area decreases. Second the rigidity of the diaphragm is reduced. So incorporating these factors in the modelling is essential to obtain the correct load deflection response. The side length L decides the loading area and the thickness (h) of the diaphragm decides the rigidity in Eq.(2). Therefore, correctness or validity of the modified analytical model depends on the ability to define the effective side length Leff and effective diaphragm thickness heff that replace L and h in Eq. (2) . In sculptured diaphragm, one support of required dimension is added to a square diaphragm of 500µm × 500µm in the bottom which tends to change the effective Leff. After the introduction of one support, the square diaphragm is modified into two rectangle diaphragm on the two sides of the support as shown in Fig.2 where the center displacement takes place on the centers of the two diaphragms as shown by the shaded regions. 
The stress developed in the YY and XX direction in the diaphragm under different applied pressure in the SSD region is given by the Eq.(7), 
where, P is pressure applied in Pa, G is length of the new rectangle in µm and h is thickness of diaphragm in µm. The equation for the wheatstone bridge output voltage (Vo) is given as,
where, Vb is bridge excitation voltage. Intially resiatance R1 = R2 = R3 = R4 = Ro which is the resistance at zero pressure. When pressure is applied, change in resistance with respect to Ro is changed as follows,
where, σl and σt are the longitudinal and tensile stress along the diaphragm. In longitudinal orientation, for R2 and R4: σl = σ1MPa and σt = σ2 MPa. In transverse orientation, for R1 and R3: σl = σ2MPa and σt = σ1MPa. When pressure applied, the new change in resistance are obtained by the following equations,
where, R2 and R4 are in longitudinal direction and R1 and R3 are in transverse direction. Substituting Eq. (10) 
ANALYSIS FOR OPTIMIZED DESIGN IN THE LOW PRESSURE RANGE

DIAPHRAGM GEOMETRY DESIGN OPTIMIZATION
The single boss sculptured diaphragm created has three regions at the bottom of the substrate namely G1, G2 and S as in Fig.1 . The main objective of this section is to analyze the positioning of the boss by varying these regions to achieve the maximum deflection sensitivity within the small scale deflection region for square and rectangular diaphragms. The sensor is subjected to pressure on the front side as in Fig.1 , where the piezoresistors are to be placed. The pressure range varied from 0 to 1000 Pa. The thickness of the sculptured diaphragm is reduced to increase the stress concentration as in Eq.(7). This reduced thickness for the square and rectangular sculptured diaphragm is obtained from burst pressure characteristics as in [23] . Burst pressure PB is defined as the pressure at which maximum stress σmax on the diaphragm becomes equal to the critical stress σc which is actually the yield strength of material [17] , [18] , [19] , [20] . So during optimization, the thickness of the sculptured diaphragm is selected in between 0.5µm to 1µm to avoid burst condition [23] . The optimized dimension of single boss sculptured diaphragm with thickness, center deflection and percentage of center deflection were given in Table. 3. where, h -Thickness, G1, G2 -Support gap width, S -Support width, y -Center deflection and yp -Percentage of center deflection with respect to thickness. The percentage of center deflection shows that it satisfies the small scale deflection which is less than 20% and the thickness is less than 10% of diaphragm length. The square sculptured diaphragm is optimized with thickness 0.9μm and rectangular sculptured diaphragm with thickness 1µm. The center deflection of simulated single boss sculptured diaphragm of square type is shown in Fig.3 . The maximum deflection regions are highlighted in blue colour which occurs in the center of two shaded rectangle region as referred in Fig.2 . The center deflection of rectangle type single boss sculptured is also similar and occur in the center of the two shaded rectangle regions.
STRESS AND PIEZORESISTIVE ANALYSIS
The maximum longitudinal and transverse stress regions estimated at 1000Pa for the optimized single boss diaphragm of square type from the previous section were analyzed and shown in Fig.4 and Fig.5 . The Fig.4 shows that, the maximum longitudinal stress Sxx (highlighted red) occurs at (90µm, 250µm) and (160µm, 250µm) from the center of the diaphragm in the vertical direction. Similarly, Fig.5 shows that the maximum transverse stress Syy occurs (highlighted red) at (170µm, 250µm) in the horizontal direction. The stress simulation result of rectangular type is also similar but reveals a decrease in Sxx value and increase in Syy value compared with square type as in Table. 5.
To improve the voltage sensitivity, the four resistors are to be placed in such a way that two resistors (R1, R3) experience tensile stress and exhibit increase in their resistance and the remaining two resistors (R2, R4) experience compressive stress and exhibit decrease in their resistance from the resistance value measured at no stress condition. Hence to achieve this, the arrangement of resistors is estimated in four different categories as shown in The comparisons of the estimated output voltage with respect to placement patterns of the piezoresistor were given in Table. 4. Polysilicon piezoresistors (R1, R2, R3 and R4) are used in the maximum stress regions identified on the diaphragm [9] with smith piezoresistive coefficients [1] are as follows: π11 = 6.6×10 
ELECTRICAL OUTPUT
The four polysilicon piezoresistors are wired in the form of wheat stone bridge assembly to estimate the electrical output with the supply voltage of 5V [23] . The four piezoresistor are chosen to achieve better temperature compensation. The longitudinal stress, transverse stress and electrical output for two cases of single boss sculptured diaphragm were compared in Table. 5 at a maximum pressure of 1000Pa. The comparison of simulated and analytical results shows that 4.7% measurement error which indicates the lack of material property. On comparing the deflection yp in % and output voltage from Table.5, the single boss sculptured diaphragm with square yields small scale deflection sensitivity and voltage sensitivity than rectangle boss sculptured diaphragm.
On comparing shapes, square sculptured diaphragm needs smaller thickness to sense low pressure ranges than the rectangle sculptured diaphragm to yield good voltage sensitivity.
On comparing stress values, square diaphragm yields higher longitudinal stress than rectangular diaphragm. But the transverse stress is higher for rectangular diaphragm than square type. In addition, it is also found that the longitudinal stress of square type is 7.783MPa and rectangle type is 7.279MPa. Similarly the transverse stress of square type is 4.475MPa and rectangle type is 5.150MPa. The stress values were almost equal for square and rectangular diaphragm.
ENHANCEMENT OF SENSITIVITY
The stress obtained from the previous section is improved by incorporating the size of piezoresistor, modifying the thickness of diaphragm and diaphragm with SOI. The output voltage is estimated with respect to different piezoresistor size using placement pattern (d) from Fig.6 and compared in Table. 6. The results obtained shows that small size 10µm×5µm×0.5µm of piezoresistors gives the maximum sensitivity when compared with large size piezoresistors. But for the ease of fabrication, 16µm×2µm×1µm is chosen to estimate the output voltage in the next section.
The single boss sculptured diaphragms constructed with uniform thickness shows that the maximum stress are almost close to each other for all types of diaphragm. In order to maximize and concentrate the stress in the supported region to improve the sensitivity, now the total thickness is divided into two values as 'h' and 'h1' where 'h' is the uniform thickness and 'h1' is the thickness which is added only in the support regions which in turn increase the stress value. The new proposed structure for single boss sculptured diaphragm is shown in Fig.7 . The single support square sculptured diaphragm with nonuniform thickness created and their estimated output presented in Table. 7. The single support rectangle sculptured diaphragm with nonuniform thickness created and their estimated output presented in Table. 8. Syy ( The center deflection within 40% is considered within small scale deflection to ensure linearity. From the results obtained, single boss square with 22% deflection and output 6.051mV is optimized.
Similarly, for the single boss rectangle with 27% deflection and output 4.413mV is optimized. The result shows that the modified thickness by stiffening the sculptured regions improved the stress from lower value to higher value and sensitivity is increased.
The sensitivity is further enhanced by using SOI structure [8] , [17] , [20] is created using the surface micromachining technique. The SOI MEMS pressure sensor structure for single sculptured diaphragm is shown in Fig.8 . The sculptured diaphragm with SOI is created and its comparison of the improved longitudinal stress, transverse stress, center deflection, percentage of center deflection and voltage output were estimated for square and rectangle diaphragm is given in Table.9 and Table. 10. The single square sculptured diaphragm with SOI yield the higher sensitivity of 5.08mV and small scale deflection is 40% with silicon diaphragm thickness 0.2µm. The other case yields 5.428mV but deflection is 45% not satisfying SSD with silicon diaphragm thickness 0.15µm. The single boss rectangle sculptured diaphragm with SOI yield the higher sensitivity of 4.411mV with 42% deflection and 6mV with 70% deflection. The 42% deflection is closer to small scale deflection with 4.4mV is optimized output using SOI layer to improve sensitivity.
COMPARISON OF SENSITIVITY FOR PROPOSED METHODS
The single boss sculptured diaphragms of square and rectangle shape were created and their output for the pressure in range of 0-1000Pa are compared and analyzed for different proposed methods.
The three proposed cases were uniform thickness of diaphragm, non-uniform thickness of diaphragm and SOI thickness diaphragm. The measured electrical outputs of square and rectangular with single boss sculptured diaphragm were compared in terms of its sensitivity is shown in Fig.9 and Fig.10 .
The output obtained for square diaphragm in Fig.9 shows that the non-uniform thickness technique yields higher sensitivity of 6.05mV than the other proposed methods. The uniform thickness technique yields 2.386mV and SOI technique yields 5.08mV at 1000Pa. Similarly, the output obtained for rectangular diaphragm in Fig.10 shows that the single boss sculptured diaphragm with SOI technique yields higher sensitivity of 4.41mV with 42% deflection. The non-uniform thickness technique yields 3.5mV with 17% deflection and uniform thickness yields 1.469mV at 1000Pa.
CONCLUSION
The feasibility of achieving greater sensitivity with reasonably good linearity with sculptured diaphragms using smaller thickness was investigated. The effects of single boss with square and rectangular shape on the displacement, stress and voltage sensitivity have been analyzed using Intellisuite MEMS CAD tool. The comparison of single boss diaphragm result shows that the square diaphragm yields higher voltage sensitivity than the rectangular diaphragm using smaller thickness. The analytical modelling for single boss sculptured diaphragm obtained and validated with the simulation results. The better sensitivity is achieved by analyzing different placement pattern of piezoresistor and size of piezoresistor is attempted. Further, sensitivity is enhanced by using non-uniform thickness technique and SOI technique. The non-uniform thickness technique reveals that it is possible to enhance stress to a higher value from 7.78MPa to 14.59MPa which also satisfies small scale deflection. The sensitivity of uniform thickness diaphragm with 2.283mV is improved to 5.08mV for SOI technique and 6.051mV for nonuniform thickness technique using square diaphragm.
